Abstract. Currently, there are two nearly identical moderate resolution imaging spectroradiometer (MODIS) instruments operated in space: one on the Terra spacecraft launched in December 1999 and another on the Aqua spacecraft launched in May 2002. MODIS has 36 spectral bands with wavelengths covering from visible (VIS) to long-wave infrared (LWIR). Since launch, MODIS observations and data products have significantly enabled studies of changes in the Earth system of land, oceans, and atmosphere. In order to maintain its on-orbit calibration and data product quality, MODIS was built with a comprehensive set of on-board calibrators. MODIS reflective solar bands (RSB) are calibrated on-orbit by a system that consists of a solar diffuser (SD) and a solar diffuser stability monitor (SDSM) on a regular basis. Its thermal emissive bands (TEB) calibration is executed on a scan-by-scan basis using an on-board blackbody (BB). The MODIS Characterization Support Team (MCST) at NASA/GSFC has been responsible for supporting sensor calibration and characterization tasks from pre-launch to post launch. In this paper, we describe current MCST efforts and progress made to examine sensor stability and intercalibration consistency using observations over Dome Concordia, Antarctica. Results show that this site can provide useful calibration reference for Earth-observing sensors.
INTRODUCTION
The Moderate Resolution Imaging Spectroradiometer (MODIS) is one of the key instruments for the NASA's Earth Observing System (EOS). MODIS makes observations in 36 spectral bands covering spectral regions in the visible (VIS), near-infrared (NIR), short-wave infrared (SWIR), mid-wave infrared (MWIR), and long-wave infrared (LWIR). Bands 1-19 and 26 are the reflective solar bands (RSB) and bands 20-25 and 27-36 are the thermal emissive bands (TEB). Improved over its heritage sensors, such as AVHRR, HIRS, and Landsat TM, MODIS was built with a complete set of on-board calibrators (OBC), which include a solar diffuser (SD), a solar diffuser stability monitor (SDSM), a blackbody (BB), a spectroradiometric calibration assembly (SRCA), and a space view (SV) port. The SD and SDSM are used together on a regular basis for the RSB calibration, whereas, the TEB on-orbit calibration is performed on a scan-by-scan basis via the OBC BB. The SRCA is used primarily for monitoring sensor spatial and spectral stability. Each scan, the instrument background and electronic offset are measured through the SV port. MODIS collects data continuously using a two-sided scan mirror over its calibration sections (SD, SRCA, BB, and SV) and the Earth view (EV) sector with the same optical path [1] [2] [3] [4] [5] [6] .
Currently, two MODIS instruments are operated in space: one on NASA's EOS Terra spacecraft launched in December 1999 and another on the Aqua spacecraft launched in May 2002. In addition to sensor OBC, near monthly lunar observations through the instrument SV port are scheduled to monitor the RSB radiometric calibration stability. The MODIS Characterization Support Team (MCST) at NASA GSFC is responsible for implementing MODIS calibration activities, maintaining the level 1B (L1B) algorithms, and analyzing calibration data from its OBC and lunar observations. Since launch, well-characterized ground targets (Earth view observations) have also been used by a number of MODIS calibration and validation scientists and by the MCST analysts independently to examine and validate sensor on-orbit calibration, characterization, and performance [7] [8] [9] [10] [11] [12] .
In the following, we describe activities and progress made by MCST in an on-going effort to track MODIS on-orbit calibration long-term stability and the inter-calibration consistency between Terra and Aqua MODIS using data collected over Dome Concordia, Antarctica (Dome C). This study focuses on spectral bands 1 (0.645 µm) and 2 (0.858 µm) in the RSB and bands 31 (11.03 µm) and 32 (12. 02 µm) in the TEB. These are the key spectral bands for MODIS, inherited from similar channels on the AVHRR, except that MODIS spectral bands have a higher spatial resolution (250m) for bands 1 and 2, narrower spectral bandwidths, and tighter calibration uncertainty requirements. The techniques used here can be applied to other MODIS bands, however, some RSB saturate due to the high reflectivity at Dome C and the other TEB require a rigorous atmospheric contribution correction. The stability monitoring is made for each sensor over its entire mission with reference to modeling or ground reference. The calibration consistency is evaluated for the overlap time period of Terra and Aqua missions from July 2002 to present. Section 2 provides a brief description of the site selected for this study and the data selection is provided in section 3. The methodologies used for stability monitoring and calibration consistency assessment are discussed in section 4. Results, summarized in section 5, show that MODIS calibration for bands 1, 2, 31, and 32 have been very stable and that the calibration consistency between the two sensors has remained within their combined calibration uncertainties. Over the 6-years of concurrent measurements at Dome C from the two MODIS instruments, the relative calibration drift for bands 1 & 2 is around 1% and for bands 31 and 32 is less than 0.5 K. This study demonstrates that the Dome C test site, with its favorable atmospheric conditions and ground-based measurements, provides a useful calibration reference for the Earth-observing sensors.
SITE DESCRIPTION
There are a number of ground targets that have been used by different groups for earthobserving sensor calibration and validation purposes. For example, a Libyan Desert site has proved useful for monitoring AVHRR on-orbit changes in VIS and NIR channel response [13] . Additional invariant desert sites in the Libyan and Saharan Deserts, and Railroad Valley Playa, Nevada provide numerous surface targets for satellite sensor calibration/validation [14] [15] [16] [17] [18] . Sites used for calibration/validation of thermal remote sensing satellite instruments include Lake Tahoe, Nevada [19] , the Great Lakes [20] , and general sea surface targets [21] . The Dome C site in Antarctica has received increased attention as a suitable site for a wide range of validation activities due to favorable surface and atmosphere conditions [22] [23] .
Dome C is situated centrally on the Antarctic Plateau (75.1° S, 123.4° E). The site is recognized as having good potential for use as a ground calibration target for satellite remote sensing due to a number of factors [24] . Dome C has a high elevation (~3200m), minimal slope, a low snow accumulation rate and is generally considered to be one of the most homogeneous land surfaces on Earth. The surface has high infrared emissivity and is relatively uniform in both albedo and temperature over spatial scales typical of the ground footprint of satellite remote sensors [22, 25] . The atmospheric conditions at Dome C are exceptionally cold, dry and rarefied as well as consistently low in fractional cloud coverage.
The long distance from the coast (>1000km) implies a low atmospheric aerosol and water vapor content [26, 27] . A permanent research station has been established and is operated jointly by the French Institut Polaire Francais Paul Emile Victor (IPEV) and the Italian Programma Nazionale Ricerche in Antartide (PNRA). The station provides routine groundbased measurements of atmospheric parameters and serves as a base for field campaigns focused on satellite remote sensing calibration/validation. An Automated Weather Station (AWS) has operated at Dome since 1995 (operated jointly by IPEV and the University of Wisconsin), collecting air temperature, barometric pressure, and wind speed/direction information 3 meters above the surface at 10-minute intervals using standard meteorological sensors [28] .
DATA SELECTION
This paper presents MCST calibration and characterization activities based on the observations made by both Terra and Aqua MODIS over Dome C. The purpose of this task is to monitor sensor calibration long-term stability and independently examine and validate sensor OBC performance and an overall calibration consistency between Terra and Aqua MODIS. MODIS has approximately 14 orbits (98 min each orbit) each day. As Dome C latitude is relatively high and both Terra and Aqua spacecrafts are in near sun-synchronous polar orbits, multiple images of Dome C each day are recorded. For each granule, the 1-km pixel containing Dome C was identified and a 20x20 subset of the L1B was extracted and converted to reflectance (RSB -daytime granules only) and brightness temperature (TEB) for all bands. For TEB analysis all granules were used regardless of any possible cloud presence. Only daytime granules contain useful RSB data, and an additional uniformity screening was applied to eliminate any granules showing greater than 2% non-uniformity in reflectance over the 20x20 pixel area.
METHODOLOGY

Reflective Solar Bands
MODIS L1B primary data products are radiometrically calibrated and geolocated top of the atmosphere (TOA) reflectance factors (RSB) and radiances (RSB and TEB) for each of the Earth View (EV) pixels. The RSB calibration uncertainty requirements are ±2% in reflectance and ±5% in radiance, specified at typical scene radiances. The calibration uncertainty requirements for the TEB are ±1%, with exceptions of ±0.75% for band 20 at 3.75µm, ±0.5% for bands 31 and 32 at 11µm and 12µm (for land and sea surface temperatures LST/SST), and ±10% for band 21 at 4.0µm (the low gain band for fire detection). The specified uncertainty requirements apply to scenes with sensor viewing angles within ±45º (relative to instrument nadir). For scenes not at typical radiance levels but within a range from 0.3 typical radiance to 0.9 maximum radiance (band dependent), an additional 1% is added to the specified uncertainty requirements.
In this study, the RSB performance is evaluated based on trends of MODIS L1B TOA reflectance collected at the Dome C site. A 20 x 20km pixel window centered at the site is defined to obtain averaged reflectances over the site. Viewing geometry parameters (solar zenith, view zenith, and relative azimuth angles), centered at the pixel window, are also collected along with reflectance data. Each site-averaged reflectance is screened before taking the average to exclude cloudy pixels. If the reflectance standard deviation for a selected 20 x 20km pixel area is larger than 0.02, this data set is considered to be cloud-contaminated and thus excluded from data analysis.
TOA reflectance factor depends on the bi-directional reflectance distribution function (BRDF) that is a function of solar zenith, view zenith and relative azimuth angles between the sun and sensor. In general, the BRDF profile is also surface-type dependent [29, 30] . To reduce the impact due to variations in observed TOA reflectance caused by the differences in viewing geometry (angular parameters) on the temporal trending, a correction for the BRDF should be applied. We have compared the effectiveness of two different BRDF models. The first one is a widely used BRDF model consisting of two kernel-driven functions combined in a linear equation with coefficients tuned for each surface type. This model has been used to produce the MODIS global BRDF albedo data product [31] . The second one is derived based on in-situ near-surface BRDF measurements for the snow surface in Antarctica [32] . Our analysis indicates that the snow surface BRDF model produces corrected TOA reflectances with much smaller variations than the kernel-driven BRDF model. Therefore, the snow surface BRDF model is used in this study. Given the solar zenith angle, view zenith angle and relative azimuth angles, the BRDF reflectance factor R can be expressed by [32] R(θ, ϕ, ψ) = c 1 + c 2 cos(π -ψ) + c 3 cos[ 2 (π -ψ)] , 
In the case of Lambertian reflection, in which the reflected radiance is the same at all viewing angles, R is independent of angles φ and ψ. Trends of ∆r obtained from the Dome C site are used to examine both Terra and Aqua MODIS calibration stability and consistency. No effort is made for spectral corrections in this study, since for a given spectral band the relative spectral responses (RSR) of Terra MODIS and Aqua MODIS are nearly identical.
Thermal Emissive Bands
The TEB brightness temperature drift is tracked against ground measurements to assess the long-term stability of each sensor. The AWS surface temperature data is used for comparison with MODIS TEB measurements. For each MODIS granule the coincident AWS surface temperature was obtained. The AWS temperature values will frequently be warmer than MODIS and are not directly comparable in an absolute sense. However, with the assumption of a minimal atmospheric correction for the satellite TOA TEB radiances, the AWS data is useful as a proxy to track any trends in relative bias. On average and over the long term, the bias or difference between the AWS and the satellite sensors should be consistent and stable, provided neither the AWS nor the MODIS sensors have any appreciable drift. This approach is expected to be most suitable for surface viewing bands such as MODIS bands 31 and 32. The temperature difference trend between MODIS and AWS is calculated for each TEB as
where i is either Terra or Aqua MODIS, b is band, and T AWS is the surface temperature measurement coincident with the MODIS overpass. In this case the MODIS values are averaged over the 20 x 20 pixels, so are band averaged values. A relative temperature difference between the two sensors, ∆BT, was calculated for each band by
as a means of assessing the relative consistency of the Terra and Aqua TEB performance.
Only days which contain a MODIS measurement from both Terra and Aqua were included. The extracted Dome C data was separated and averaged for each mirror side (10 x 10 pixels) in order to investigate mirror side differences.
where i is either Terra or Aqua MODIS and b is the band number. Figure 2 shows trends of near-nadir r/cos(θ) for Terra and Aqua MODIS bands 1 and 2. The trending results should be flat if the reflection of the surface is perfectly Lambertian. There is a clear seasonal oscillation in r/cos(θ) at the Dome C site, which is strongly correlated to the solar zenith angle. To correct for the BRDF effect on the reflectance, values of ∆r are calculated using equation (2), which normalizes the observed r with the modeled BRDF reflectance factor R. Because the BRDF model (Equation 1) only works well for solar zenith angles less than 80° we have, therefore, excluded observations with solar zenith angles larger than 75°. Values of aij are determined from a best fit to each sensor's observations during the first three years in the mission. The results of ∆r are illustrated in Fig. 3 for the same data sets as in Fig. 2 . If the BRDF effect can be corrected by the model and if the sensor calibration is perfect, values of ∆r should be 1.0. However, trending results of ∆r still have a small but noticeable seasonally related pattern combined with additional random variations. One of the reasons is likely due to the fact that the data sets selected for this preliminary study are confined to near nadir observations. The dependence on the viewing zenith and relative azimuth angles has not been adequately considered in deriving model coefficients due to their limited angular ranges. A more comprehensive study is planned for future improvements.
RESULTS AND DISCUSSION
Reflective Solar Bands
To examine the stability of each MODIS, a simple linear fit is applied to the ∆r data. The trending lines (red for Aqua MODIS and black for Terra MODIS) indicate that the calibration of bands 1 and 2 has been very stable. There is, however, a small calibration offset between the two sensors. It should be pointed out that each sensor is calibrated independently on-orbit using its on-board calibrators. The offset is approximately 1.0-1.5% for band 1 and less than 1.0% for band 2. These differences are still within the combined sensor calibration uncertainties requirements and comparable with the fitting uncertainties from on-orbit observations. This study demonstrates that, with a longer time series, it is possible to resolve the calibration difference at a 1% level using ground observations.
In Fig. 4 , the reflectance ratios between the two mirror sides are provided for the Terra and Aqua MODIS bands 1 and 2. The ratios are calculated using the averages of the reflectances from observations made with each mirror side for each selected 20 x 20 km pixel window. Clearly, the calibration difference between the mirror sides is very small. 
Thermal Emissive Bands
The MODIS TEB calibration stability is assessed by comparison of MODIS brightness temperature with the AWS surface temperature measurements. The AWS surface temperature oscillates with season from 190K to 260K. A similar seasonal oscillation and temperature range is observed in MODIS TEB brightness temperatures, as expected. This retrieved temperature range extends well below the on-orbit calibration blackbody range of 270-315K. The TEB calibration is extremely sensitive at very low temperatures, so using a cold ground target will magnify any potential sensor calibration issues and allow tracking of the stability of the TEB calibration. The trend in temperature difference between each MODIS and coincident AWS measurement is shown in Fig. 5 for bands 31 and 32. Only data from 2002 through June 2008 are shown. A small seasonal oscillation can be seen, with less difference during the Antarctic winter (colder temperatures) versus the Antarctic summer (warmer temperatures). The atmospheric contribution to surface viewing bands, such as bands 31 and 32, is extremely small for Dome C, so the close agreement with AWS is expected for these bands. Bands designed for cloud detection or atmospheric temperature will show a much larger seasonal oscillation in differences with the ground temperature and make application of this technique problematic. No significant drift between the differences for Terra and Aqua are observed for bands 31 and 32. The relative bias between the two MODIS sensors using the AWS as a reference is shown in Fig. 6 for bands 31, and 32 versus time. Assuming no significant drift for either the AWS or MODIS, the relative bias between the AWS and the satellite sensors should be consistent and stable on average and over the long term. Only days which contained a MODIS measurement from both Terra and Aqua are included. It can be seen that the relative bias has been very stable from July 2002 to present, with a drift of about -0.5 K for both bands over 6 years. The high degree of scatter is most likely due to the fact that all available MODIS data is used. The purpose here is to investigate the overall trends on average and feasibility of applying this technique to assess MODIS TEB performance. Cloud detection algorithms that rely on satellite data have difficulty deriving cloud coverage over cold Antarctic and Arctic regions. A future effort is to apply a cloud screening procedure and thorough atmospheric correction, which should reduce scatter in the trends observed here. Figure 7 displays the same data in Fig. 6 versus scene temperature, showing minimal dependence.
The surface in the Dome C region is considered to be highly uniform in emissivity, which makes it an ideal location to investigate TEB mirror side differences. Figure 8 shows the mirror side differences for bands 31 and 32. It can be seen that in general the mirror side differences are stable. On average the differences are small, for example, the average difference between mirror side 1 and 2 for the non-cloud-screened data seen in Fig. 8 for band 31 are -0.07 K for Terra and 0.01 K for Aqua. The scatter in the plots can be attributed to scene non-uniformity caused by clouds. 
SUMMARY
This paper describes calibration activities and progress made by the MODIS Characterization Support Team (MCST) at NASA/GSFC using MODIS observations made over Dome Concordia, Antarctica. This study examines MODIS on-orbit calibration long-term stability and performance of the on-board calibrators. For this purpose, the sensor observations are normalized to model predictions or referenced to ground measurements. Since each MODIS is calibrated independently on-orbit using its OBC, this study also provides information on inter-calibration consistency between Terra and Aqua MODIS. The reflective solar bands (bands 1 and 2) display stable long term performance. The thermal emissive bands (bands 31 and 32) also demonstrate excellent long term stability with minimal drift in the relative bias between the two MODIS. The calibration consistency between the two sensors has remained within their combined calibration uncertainties for both reflective and thermal bands. The results demonstrate that with a longer time series of Dome C observations, it is possible to resolve calibration differences to a 1% level.
